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QCD JET RESULTS IN ATLAS AND CMS
L. BRYNGEMARK, FOR THE ATLAS AND CMS COLLABORATIONS
Lund University, Department of Physics, Particle Physics,
Box 118, S-221 00. Lund, Sweden
A brief summary of recent measurements of QCD jet production at the LHC, featuring results
from ATLAS and CMS, is given. Results for heavy flavours are also shown.
1 Introduction
Jets are abundant in the final states produced in proton-proton (pp) collisions at the Large
Hadron Collider (LHC). They probe many aspects of Quantum Chromodynamics (QCD), such
as the proton structure (parton distribution function, PDF) and the strength of the strong
coupling constant αs, and provide an environment for testing perturbative QCD (pQCD).
Some of the recent QCD measurements made with jets in the final state by ATLAS1 and
CMS2 are presented here, focusing on the physics conclusions. Details on the analyses can be
found in the references. The detectors are described elsewhere.1,2 For jet measurements, apart
from the calorimeter, tracking and muon systems are also used. Energy calibration gives the full
energy in a jet, considering energy lost in hadronic interactions, upstream of the calorimeter,
due to thresholds etc. A major experimental challenge for jet measurements is pile-up (overlaid
signal from additional pp interactions). Pile-up introduces fluctuations, distorting the energy
measurement. Tracking information can be used to remove charged particle contributions. AT-
LAS and CMS both use a method first proposed by Cacciari and Salam3, in which the pile-up
density is measured in the event and the jet area is used as an estimate of the pile-up suscepti-
bility of each jet. Multiplied, these quantities give the amount of pile-up to subtract from the
measured jet transverse momentum (pT). This is the first step in the calibration chains.
2 Jet measurements
2.1 Inclusive jet cross sections and PDFs
The inclusive jet cross section is calculable in pQCD, and can be used to constrain αs and PDFs.
It has been measured by CMS at centre-of-mass energies
√
s = 7 and 8 TeV.4,5 Comparison to
next-to-leading order (NLO) Monte Carlo (MC) simulation with a non-perturbative correction
factor (NP) shows good agreement over several orders of magnitude, as seen in Fig. 1(a).
ATLAS has performed a similar measurement6 at both
√
s = 2.76 and 7 TeV. With correla-
tions between the two measurements taken into account in a data/NLO + NP double ratio, the
experimental uncertainties are much reduced, and the data show preference for different PDF
sets. Furthermore, the correlations have been exploited in a fit of gluon, valence and sea quark
distributions to the data combined with deep inelastic scattering data from HERA7, as exem-
plified in Fig. 1(b). The PDFs have been obtained using HERAfitter.7,8,9 The resulting gluon
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Figure 1: Results for measurements of inclusive jet cross section. (a) CMS: jet pT and NLO⊗NP prediction
(line) in bins of rapidity y.5 (b) Gluon x distribution extracted using HERA data only (yellow band); combined
with ATLAS jet data (red lines); combined with ATLAS 2.76 and 7 TeV data respectively (dashed, green and
blue).6
distribution is harder than that obtained from HERA data only, with reduced uncertainties at
Bjorken x > 0.1.
2.2 αs
The value of αs is measured experimentally. Its strength is predicted to “run”, i.e. depend on the
energy scale at which it is probed. The evolution from a given starting point can be calculated
using the Renormalisation Group Equation (RGE). At the LHC, a new energy regime is available
for experimentally testing this evolution. Exploiting that the probability of radiating additional
partons is proportional to additional powers of αs, the cross section ratio
R32 =
σ (Njets ≥ 3)
σ (Njets ≥ 2) (1)
gives an observable that is proportional to αs. R32 is given in bins of Q = 〈pT〉 = p
1
T+p
2
T
2 , where
p
1(2)
T is the pT of the (second) most energetic, (sub)leading, jet. A measurement by ATLAS of
this ratio using the 39 pb−1 2010 data set,10 and by CMS using 5.0 fb−1 from 2011,11 give αs
both at the reference scale MZ and for a range of Q. αs is extracted by fitting data with NLO
PDFs, varying αs(MZ) and choosing the fit with the minimum χ
2. Figure 2(a) shows fits to
CMS R32 data using NNPDF2.1, for αs(MZ) between 0.106 and 0.124.
ATLAS measures αs(MZ) = 0.111 ± 0.006(exp)+0.016−0.003(theory). CMS measures αs(MZ) =
0.1148 ± 0.0014(exp) ± 0.0018(PDF)+0.0050−0.0000(scale). In both cases, scale uncertainties dominate.
Figure 2(b) shows αs(Q) in CMS data, overlaid with data from other experiments. The RGE
prediction of the evolution from the CMS measurement of αs(MZ) is in agreement with all data.
2.3 Heavy flavour jets
The production cross section of heavy flavour quarks (b and c) should be approximately inde-
pendent of low-scale hadronisation effects, owing to the high quark masses that are above the
typical QCD scale ΛQCD. Hence production features of heavy flavour jets can probe QCD.
To first order, heavy quarks are pair produced in the hard interaction and should be of
equal and opposite momenta. Measuring angular correlations of heavy quark jet pairs thus
probes higher orders of pQCD. This has been explored in a measurement of b-jet pair angular
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Figure 2: Measurements of αs. (a) αs(MZ) of the NNPDF2.1 fit with the minimum χ
2 is used for each PDF set.
(b) Data from several experiments overlaid with the RGE prediction of αs(Q) from αs(MZ) as measured by CMS.
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correlations by CMS.12 There are also non-perturbative production modes such as gluon splitting,
when an outgoing gluon splits into a heavy quark pair, and a non-pertrbative component to heavy
flavour excitation, when a sea quark participates in the hard interaction.
ATLAS has measured the dijet flavour fractions13 in the 39 pb−1 2010 data set. The different
kinematics of secondary vertices in heavy flavour decays compared to those of particles containing
strangeness is exploited to identify b- and c-jets, using a template fit. The leading jet pairs are
categorised according to their composition in terms of light (u, d, s or g), c- or b-jets. Allowing
mixed-flavour pairs gives access to all production modes, whose proportions are seen in Fig. 3(a).
Due to energy lost in decays to neutrinos, or misreconstruction of jets from gluon splittinga, b-jets
tend to be subleading in mixed-flavour pairs. The b-jet asymmetryb,
Ab =
N bsubleading
N bleading
− 1, (2)
where N b(sub)leading is the number of (sub)leading b-jets, is shown versus b-jet pT in Fig. 3(b). In
particular the LO generator Pythia underestimates Ab. The fraction of b + light dijets is shown
in Fig. 3(c). This final state probes the non-perturbative effects of heavy flavour excitation or
gluon splitting; it is also the only state where MC does not agree with data within uncertainties.
2.4 Jet substructure
Partons produced in a heavy particle decay receive a Lorentz boost if their energy is much
larger than their mass. The resulting jets become increasingly collimated with larger boost, and
may not be resolved as separate jets. This introduces boosted jets with substructure, which can
be exploited for event selection and reconstruction of these heavy particles. It becomes highly
relevant to understand the structure of QCD jets, which are the background in analyses using
boosted jets. In, for example, resonance searches, it is essential to understand how well MC
models describe the QCD jet mass.
Several substructure methods exist14,15,16,17 to distinguish boosted jets from QCD brems-
strahlung jets. CMS and ATLAS have both made several measurements18,19,20 on jet sub-
structure variables and the performance of different algorithms. One example is the impact of
amerging or missing one of the produced qq¯ jets gives a gluon splitting contribution to mixed flavour dijets
bThe corresponding quantity is also defined for c-jets.
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Figure 3: (a) Pythia prediction of inclusive b-jet production modes. (b) Predictions of b-jet asymmetry vs b-jet
pT compared to data. (c) Fraction of jet pairs consisting of a light jet (“U ”) and a b-jet, vs leading jet pT.
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trimming14 on the average mass of the leading jet pair, shown in Fig. 4, from a CMS analysis
using the 5.0± 0.2 fb−1 2011 data.20 Comparing Figs. 4(a) and (b), it is evident that trimming
shifts the mass spectrum to lower values. Both this and the improved agreement between data
and MC (Herwig++) at low masses is due to removal of soft contributions from pile-up and
the underlying event at large angles; these are to some extent non-perturbative effects which
are difficult to model. Thus trimming makes the QCD predictions more robust. Finally the
good agreement in the high-mass region is not destroyed by trimming, which is important since
physics phenomena beyond the Standard Model in many cases (e.g. contact interactions) are
expected to be visible in the high-mass tail of the spectra.
3 Conclusions
Results from some of the jet measurements by ATLAS and CMS have been shown. They
show that jet measurements are precision measurements which provide important input for
understanding the strong interaction. Jet data included in PDF fits can impact the extracted
gluon momentum distribution. Measurements of αs in a new energy regime are compatible
with the evolution predicted by the RGE. Some discrepancies with respect to in particular LO
generators are seen in jet b-hadron content. QCD jet substructure is well described by theoretical
predictions, paving the way for beyond Standard Model discoveries.
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